Many patients with cancer receive combinations of drug treatments that include 5-fluorouracil (5-FU) and bevacizumab. Therapeutic doses of 5-FU are often associated with unwanted side effects, and bevacizumab is costly. Therefore, we explored potential agents that can reduce the therapeutic concentration of these drugs. Our data indicate that methylnaltrexone (MNTX), a peripheral antagonist of the M-opioid receptor, exerts a synergistic effect with 5-FU and bevacizumab on inhibition of vascular endothelial growth factor (VEGF) -induced human pulmonary microvascular endothelial cell (EC) proliferation and migration, two key components in cancer-associated angiogenesis. MNTX inhibited EC proliferation with an IC 50 of f100 nmol/L. Adding 100 nmol/L MNTX to EC shifted the IC 50 of 5-FU from f5 Mmol/L to f7 nmol/L. Further, adding 50 ng/mL MNTX shifted the IC 50 of bevacizumab on inhibition of EC migration from f25 to f6 ng/mL. These synergistic effects were not observed with naltrexone, a tertiary M-opioid receptor antagonist. On a mechanistic level, we observed that treatment of human EC with MNTX, but not naltrexone, increased receptor protein tyrosine phosphatase M activity, which was independent of M-opioid receptor expression. Silencing receptor protein tyrosine phosphatase M expression (small interfering RNA) in human EC inhibited both synergy between MNTX and bevacizumab or 5-FU and increased VEGF-induced tyrosine phosphorylation of Src and p190 RhoGAP with enhanced activation of Akt and the actin cytoskeletal regulatory protein, RhoA, whereas silencing Src, Akt, or RhoA blocked VEGF-induced angiogenic events. Therefore, addition of MNTX could potentially lower the therapeutic doses of 5-FU and bevacizumab, which could improve index.
Introduction
Angiogenesis or the formation of new blood vessels is important in the growth and metastatic potential of various cancers. Therefore, recent therapeutic interventions for the inhibition of cancer progression include drugs that target both tumor growth and angiogenesis. Neutralizing antibodies to vascular endothelial growth factor (VEGF) including bevacizumab (Avastin) has shown promise in the treatment of metastatic renal cell cancer (1) . Further, bevacizumab in combination with 5-fluorouracil (5-FU; Adrucil) and leucovorin has been used for the treatment of metastatic colorectal cancer and non-small cell lung cancer (2, 3) . However, this bevacizumab and/or 5-FU regimen was often associated with unwanted side effects including venous thromboembolism, hypertension, proteinuria, and epistaxis (2 -5) . Therefore, agents that can reduce the therapeutic concentration of these drugs can have significant clinical utility. We recently showed that A-opioid agonists stimulate VEGF-induced angiogenesis via receptor transactivation and that A-opioid antagonists can inhibit VEGF receptor signaling (6) . During the course of these investigations, we noted an effect of the quaternary peripheral opiate antagonist methylnaltrexone (MNTX) on endothelial cell (EC) migration and proliferation that occurred beyond the VEGF receptor. We therefore hypothesized that MNTX could have synergistic effects with antiangiogenic drugs (that is, bevacizumab and/or 5-FU).
Both opioids and VEGF stimulate Src activation required for EC proliferation and migration, two key components in angiogenesis (6) . Src (pp60Src, c-Src tyrosine kinase) is a nonreceptor tyrosine kinase that contains an aminoterminal myristolyation site, Src homology sites (that is, SH2 and SH3), a tyrosine kinase catalytic domain, and regulatory tyrosine phosphorylation sites (7) . Activation of Src promotes EC barrier disruption (8, 9) and EC contraction (9) .
Both opioids and VEGF stimulate Src-dependent RhoA activation, which is involved in angiogenesis (10, 11) . With certain angiogenic signals including VEGF, RhoA is converted from its inactive (GDP-bound) to active (GTPbound) form via catalysis from certain Rho guanine nucleotide exchange factors (12) . Further, Src can phosphorylate and inactivate the negative regulator of activated RhoA, p190 RhoGAP, which converts RhoA from its active to inactive form (13, 14) . The active form of RhoA can bind to and activate other important signaling molecules involved in angiogenesis including the serine/threonine kinase, ROCK (15) .
Src activation is regulated by various processes including protein tyrosine phosphatase (PTP) activity. PTP is a diverse superfamily encoded on over 100 genes that regulate a myriad of cellular events (16) . One PTP highly expressed in endothelium is the receptor PTPA (RPTPA; ref. 17) . Structurally, RPTPA is composed of extracellular Meprin A5 protein M-type RPTP (RPTPA), immunoglobulin-like, and fibronectin type 3 -like domains and intracellular PTP catalytic domains (18, 19) . RPTPA is localized at EC junctions and regulates vascular integrity (18, 19) .
In this study, we show that MNTX acts synergistically with bevacizumab and 5-FU on inhibition of VEGFinduced angiogenic events through a A-opioid-independent mechanism. Specifically, MNTX inhibited EC proliferation with an IC 50 of f100 nmol/L. Adding 100 nmol/L MNTX to EC shifted the IC 50 of 5-FU from f5 Amol/L to f7 nmol/L. Further, adding 50 ng/mL MNTX shifted the IC 50 of bevacizumab on inhibition of EC migration from f25 to f6 ng/mL. These synergistic effects were not observed with the uncharged A-opioid antagonist, naltrexone. This synergistic mechanism involves MNTX activation of RPTPA activity with consequent inhibition of VEGF (target of bevacizumab) -induced Src activation. MNTXinduced Src inactivation results in p190 RhoGAP activation and inhibition of active (GTP-bound) RhoA. Inhibition of RhoA prevents actin cytoskeletal reorganization (target of 5-FU) and consequent EC proliferation (target of 5-FU) and migration. These results suggest that addition of MNTX could potentially lower the therapeutic doses of 5-FU and bevacizumab in the treatment of various diseases exhibiting angiogenesis including cancer.
Materials and Methods
Cell Culture and Reagents Human pulmonary microvascular EC (HPMVEC) were obtained from Cambrex and cultured as described previously (20, 21) in EBM-2 complete medium (Cambrex) at 37jC in a humidified atmosphere of 5% CO 2 , 95% air, with passages 6 to 10 used for experimentation. Unless otherwise specified, reagents were obtained from Sigma. VEGF was purchased from R&D Systems. MNTX was purchased from Mallinckrodt Specialty Chemicals. Bevacizumab was purchased from Genentech. 5-FU was purchased from Abraxis Pharmaceutical Products. Reagents for SDS-PAGE electrophoresis were purchased from Bio-Rad and Immobilon-P transfer membrane was purchased from Millipore. Cytochalasin D was purchased from Calbiochem. Rabbit anti-pSer 473 Akt, rabbit anti-pThr 308 Akt, rabbit anti-Akt, and mouse anti-RPTPA antibodies were purchased from Cell Signaling Technologies. Mouse antiphosphotyrosine antibody, mouse anti-pp60Src antibody, and mouse anti-p190 RhoGAP antibody were purchased from Upstate Biotechnologies. Mouse anti-h-actin antibody, rabbit anti-phosphotyrosine (418) Src antibody, and naltrexone were purchased from Sigma. Secondary horseradish peroxidase -labeled antibodies were purchased from Amersham Biosciences.
Immunoprecipitation and Immunoblotting Cellular materials from treated or untreated HPMVEC were incubated with immunoprecipitation buffer [50 mmol/L HEPES (pH 7.5), 150 mmol/L NaCl, 20 mmol/L MgCl 2 , 1% NP-40, 0.4 mmol/L Na 3 VO 4 , 40 mmol/L NaF, 50 Amol/L okadaic acid, 0.2 mmol/L phenylmethylsulfonyl fluoride, 1:250 dilution of Calbiochem protease inhibitor mixture 3]. The samples were then immunoprecipitated with either anti-RPTPA or anti-p190 RhoGAP IgG followed by SDS-PAGE in 4% to 15% polyacrylamide gels, transferred onto Immobilon membranes, and developed with specific primary and secondary antibodies. Visualization of immunoreactive bands was achieved using enhanced chemiluminescence (Amersham Biosciences).
Construction and Transfection of Small Interfering RNA against Src, RPTPM, p190 RhoGAP, RhoA, and Akt
The small interfering RNA (siRNA) sequence(s) targeting human Src, RPTPA, p190 RhoGAP, RhoA, and Akt1 were generated using mRNA sequences from GenBank Human lung EC were then transfected with siRNA using siPORTamine as the transfection reagent (Ambion) according to the protocol provided by Ambion. Cells (f40% confluent) were serum starved for 1 h and incubated with 3 Amol/L (1.5 Amol/L of each siRNA) of target siRNA (or scramble siRNA or no siRNA) for 6 h in serum-free medium. The serum-containing medium was then added (1% serum final concentration) for 42 h before biochemical experiments and/or functional assays were conducted.
Tyrosine Phosphatase Activity Assay Immunoprecipitated RPTPA from treated or untreated human pulmonary artery EC lysates was analyzed for tyrosine phosphatase activity using the fluorometric Rediplate 96 EnzChek Tyrosine Phosphatase Assay Kit (Invitrogen/Molecular Probes). Briefly, cellular materials are incubated in reaction buffer at 30jC and then added to a (20, 21) .
HPMVEC Migration Assay Twenty-four Transwell units with 8 Am pore size were used for monitoring in vitro cell migration. HPMVEC (f1 Â 10 4 per well) were plated with various treatments (MNTX, bevacizumab, 5-FU, cytochalasin D, or siRNA) to the upper chamber and VEGF (100 nmol/L) was added to the lower chamber. Cells were allowed to migrate for 18 h. Cells from the upper and lower chamber were quantitated using the CellTiter 96 MTS assay (Promega) and read at 492 nm. Percent migration was defined as the number of cells in the lower chamber divided by the number of cells in both upper and lower chambers. Each assay was set up in triplicate, repeated at least five times, and analyzed statistically by Student's t test (with statistical significance set at P < 0.05).
HPMVEC Proliferation Assay
For measuring cell growth, HPMVEC (5 Â 10 3 per well) pretreated with various agents (MNTX, bevacizumab, 5-FU, cytochalasin D, or siRNA) were incubated with 0.2 mL serum-free medium containing 100 nmol/L VEGF for 24 h at 37jC in 5% CO 2 /95% air in 96-well culture plates. The in vitro cell proliferation assay was analyzed by measuring increases in cell number using the CellTiter 96 MTS assay (Promega) and read at 492 nm. Each assay was set up in triplicate, repeated at least five times, and analyzed statistically by Student's t test (with statistical significance set at P < 0.05).
HPMVEC Survival Assay For measuring cell survival, HPMVEC (5 Â 10 3 per well) pretreated with various agents (MNTX, bevacizumab, or 5-FU) were incubated with 0.2 mL serum-free medium containing 1 Ag/mL tumor necrosis factor-a with or without 100 nmol/L VEGF for 24 h at 37jC in 5% CO 2 / 95% air in 96-well culture plates. The cell survival assay was analyzed by measuring the number of viable cells remaining after 24 h using the CellTiter 96 MTS assay (Promega) and read at 492 nm. Each assay was set up in triplicate, repeated at least five times, and analyzed statistically by Student's t test (with statistical significance set at P < 0.05).
Immunofluorescence Microscopy and F-Actin Cytoskeleton Quantitation
Polymerized actin rearrangement was assessed with Texas red -conjugated phalloidin (Invitrogen/Molecular Probes) and analyzed using a Nikon Eclipse TE 300 microscope as we have described (22) . Computer recorded .tiff images were analyzed with ImageQuant software from Amersham Biosciences. A standardized average gray value was generated for total phalloidin staining versus total cellular area for each cell (20) . To calculate percent F-actin staining per cell, the following equation was used: [(total F-actin standardized average gray value) / (total cellular area)] Â 100. Fifty cells per condition were analyzed.
Statistical Analysis Student's t test was used to compare the mean from two or more different experimental groups. Results are expressed as mean F SE.
Results

Analysis of MNTX Synergy with Bevacizumab and 5-FU on Inhibition of EC Proliferation and Migration
Bevacizumab treatment of cancer is costly and the therapeutic doses of 5-FU are often associated with unwanted side effects (4, 23 -28) . Therefore, agents that can reduce the therapeutic concentration of these drugs can have significant clinical utility. Our recent published data indicate that the peripheral A-opioid receptor antagonist, MNTX, inhibits opiate and VEGF-induced angiogenesis via inhibition of VEGF receptor signaling (6) . We therefore hypothesized that MNTX could have synergistic effects with antiangiogenic drugs (that is, bevacizumab and/or 5-FU). Figure 1A indicates that MNTX inhibits EC proliferation with an IC 50 of f100 nmol/L. Adding 100 nmol/L MNTX to EC shifted the IC 50 of 5-FU from f5 Amol/L to f7 nmol/L. Further, adding 50 ng/mL MNTX shifted the IC 50 of bevacizumab on inhibition of EC migration from f25 to f6 ng/mL (Fig. 1B) . These synergistic effects were not observed with the uncharged A-opioid antagonist, naltrexone ( Fig. 1C and D) . Further, we observed a synergistic effect of MNTX with a combination of bevacizumab and 5-FU on inhibition of VEGF-induced proliferation, migration, and survival ( Fig. 2A) .
Roles of Src and Akt in MNTX, Bevacizumab, and 5-FU Inhibition of VEGF-Induced Angiogenesis
We next examined the mechanism(s) of the synergistic effects of MNTX with bevacizumab and 5-FU on inhibition of VEGF-induced angiogenic events. Our previous published data indicate that Src activation is important in VEGF-induced angiogenesis (6) . Figure 2B indicates that MNTX and bevacizumab, but not 5-FU or naltrexone, inhibit VEGF-induced Src activation (tyrosine phosphorylation). MNTX inhibits Src activation with an IC 50 of f5 nmol/L (Fig. 2B ). We and others have reported that the serine/threonine kinase Akt regulates cellular migration and proliferation (29) . Figure 2C indicates that MNTX, bevacizumab, and 5-FU inhibit VEGF-induced Akt activation (serine/threonine phosphorylation). MNTX inhibits Akt activation with an IC 50 of f10 nmol/L (Fig. 2C) . Both Src and Akt activation can regulate actin cytoskeletal dynamics (13) . Silencing Src or Akt expression (siRNA) or inhibiting actin cytoskeletal reorganization (cytochalasin D) blocked VEGF-induced EC proliferation and migration (Fig. 2D) .
Role of RPTPM in MNTX, Bevacizumab, and 5-FU Inhibition of VEGF-Mediated Angiogenesis
Our results from Fig. 2 indicate that MNTX blocks VEGFinduced pp60Src activation (tyrosine phosphorylation). One possible mechanism of attenuating Src tyrosine phosphorylation is through regulation of tyrosine phosphatase activity. An important tyrosine phosphatase implicated in regulating human pulmonary EC contacts is the RPTPA (18, 19) . MNTX, but not naloxone, treatment of HPMVEC enhanced RPTPA tyrosine phosphatase activity (Fig. 3A) . In addition, VEGF inhibits and MNTX promotes RPTPA complex formation with Src (Fig. 3B) . Further, silencing RPTPA (Fig. 3B) prolonged VEGF-induced Src tyrosine phosphorylation, whereas silencing Src inhibited Akt activation (Fig. 3C and D) .
Because Src and Akt can regulate the actin cytoskeleton and actin cytoskeletal reorganization is required for VEGFinduced angiogenic events (Fig. 2D) , we next examined F-actin dynamics in human EC using TRITC-tagged phalloidin. Figure 4A indicates that VEGF increases total phalloidin staining per EC. These effects are inhibited by MNTX, bevacizumab, or 5-FU treatment of human EC. Further, silencing Src expression inhibited VEGF-induced increase in F-actin, whereas silencing RPTPA expression enhanced F-actin staining.
Role of p190 RhoGAP and RhoA in MNTX, Bevacizumab, and 5-FU Inhibition of VEGF-Mediated Angiogenesis Our results from Figs. 2, 3, and 4A indicate that Srcmediated actin cytoskeletal dynamics are important in VEGF-induced EC proliferation and migration and MNTX inhibits these effects through RPTPA activation. The small G protein, RhoA, is a crucial regulator of VEGF-induced actin cytokeletal reorganization and consequent angiogenic events (10) . We therefore examined the regulation of RhoA activation by MNTX and RPTPA.
With certain angiogenic signals including VEGF, RhoA is converted from its inactive (GDP-bound) to active (GTPbound) form via catalysis from certain Rho guanine nucleotide exchange factors (12) . Further, Src can phosphorylate and inactivate the negative regulator of activated RhoA, p190 RhoGAP, which converts RhoA from its active to inactive form (13, 14) . Figure 4B indicates that VEGF induces tyrosine phosphorylation of p190 RhoGAP in human EC. Silencing Src blocks this tyrosine phosphorylation, whereas silencing RPTPA enhances it. Further, MNTX and bevacizumab (but not 5-FU) treatment of human EC blocks VEGF-induced RhoA activation (Fig. 4C) . Finally, silencing Src blocks VEGFinduced RhoA activation, whereas silencing RPTPA or p190 RhoGAP enhances VEGF-induced RhoA activation (Fig. 4D) .
The importance of RPTPA-mediated RhoA regulation on MNTX synergistic inhibition of VEGF-induced angiogenic events is shown in Fig. 5 . Silencing RPTPA or p190 RhoGAP enhances, whereas silencing RhoA inhibits, VEGF-induced EC proliferation and migration (Fig. 5A and B) . Silencing RPTPA attenuates MNTX inhibition of EC proliferation (shift of IC 50 from f100 nmol/L to 10 Amol/L) and migration (shift in IC 50 from f50 to f300 ng/mL; Fig. 5C  and D) . Further, silencing RPTPA blocks the synergistic effects of MNTX with 5-FU on inhibition of VEGF-induced EC proliferation as indicated by the shift in the IC 50 from f7 nmol/L to f6 Amol/L (Fig. 5C) . Further, silencing RPTPA blocks the synergistic effects of MNTX with bevacizumab on inhibition of VEGF-induced EC migration as indicated by the shift in the IC 50 from f6 to f30 ng/mL (Fig. 5D) . 
Discussion
We and others have noted previously an effect of opiates on EC migration and proliferation, and an effect of opiate antagonists in attenuating opiate-induced angiogenesis (5) . In this study, we present the novel findings that MNTX, a selective peripheral antagonist of the A-opioid receptor, acts in a synergistic manner with bevacizumab and 5-FU in inhibiting VEGF-induced angiogenic events through a A-opioid-independent mechanism, which involves activation of RPTPA. Our results suggest that the synergistic effects of MNTX with bevacizumab and 5-FU are achieved through inhibition of different components of a common VEGF-induced angiogenic signaling pathway. Bevacizumab inhibits the initial VEGF binding to VEGF receptors. MNTX stimulation of RPTPA activity inhibits VEGFinduced Src activation, Src-mediated p190 RhoGAP inactivation (tyrosine phosphorylation), and consequent RhoA activation. 5-FU inhibits VEGF-induced Akt activation and actin cytoskeletal reorganization. Inhibition of these events promotes synergistic inhibition of VEGF-induced EC proliferation and migration (angiogenesis; Fig. 6 ). Therefore, we hypothesize that, in addition to its effects on gastrointestinal motility, MNTX might have clinical utility by potentially lowering the therapeutic doses of 5-FU and bevacizumab in the treatment of various diseases requiring angiogenesis including cancer.
The A-opioid antagonist, naloxone, is fairly lipid soluble and crosses the blood-brain barrier easily (30 -32) . Despite numerous attempts at regulating doses, A-opioid antagonists have proven unsuitable for patients receiving opiates for pain management because of analgesia reversal and breakthrough pain (33) . MNTX is a quaternary derivative of the tertiary A-opiate antagonist naltrexone (34) . The addition of the methyl group to naltrexone at the amine in the ring forms the compound N-MNTX with greater polarity and lower lipid solubility. Because MNTX does not cross the blood-brain barrier, it could play a therapeutic role in reversing the peripheral effects of opiates in palliative care, especially for patients taking high doses of opiates for analgesia (35) . Two recently completed phase III double-blind clinical trials of s.c. MNTX in patients with advanced illness suffering from opiate-induced constipation showed significant reversal of constipation without affecting analgesia (30, 34, 36) . Doses of MNTX used clinically were 0.15 or 0.3 mg/kg s.c. (37) . The FDA recently approved Relistor (methylnaltrexone) to help restore bowel function in patients with late-stage, advanced illness and who are receiving opioids on a continous basis to help alleviate their pain (FDA.gov, April 24, 2008) . Oral MNTX has shown activity in volunteer studies, although at much higher doses (35) . Additionally, MNTX might play a role in oncologic surgery as it is currently in phase III trials for postoperative ileus (37) . Additionally, there is evidence that delayed gastric emptying is a peripheral effect of opiates and is reversible by MNTX (30, 34, 36) . These findings suggest that MNTX may have a clinical role in the perioperative period, the intensive care unit, or with advanced illness. Because the advanced illness population of patients likely to receive MNTX is composed predominantly of patients with cancer, we have focused our study on MNTX rather than the tertiary opiate antagonists, which are rarely used in these populations.
Although we have not done any in vivo angiogenesis studies of MNTX, we note that the plasma concentrations of opiates, MNTX, and chemotherapeutic agents reported from various clinical trials seem well within the range of the effects that we have described in our current in vitro study. Peak plasma concentrations of i.v. or i.m. morphine in normal therapeutic doses are 80 ng/mL (38) . In one comprehensive review (39) , analgesia in cancer patients was associated with steady-state concentrations of morphine in plasma ranging from 6 to 364 ng/mL. A metaanalysis of dose-adjusted peak plasma concentrations of morphine revealed a C max of 1 to 10 nmol/L per L/mg morphine, although there were some differences between Figure 4 . Effects of RPTPA on VEGF-induced p190 RhoGAP inactivation and MNTX, bevacizumab, and 5-FU regulation of VEGF-induced RhoA activation in human EC. A, human EC were either untreated (control) or treated with 100 nmol/L VEGF for 6 h in the presence or absence of pretreatment with bevacizumab (100 ng/mL), MNTX (100 nmol/L), 5-FU (100 Amol/L), Src siRNA, Akt siRNA, or RPTPA siRNA. EC were then fixed in 4% paraformaldehyde and probed with TRITC-phalloidin and fluorescent images were obtained. Images were analyzed using ImageQuant software. Total F-actin fluorescence intensity per total cell area was calculated for each EC as we have described previously (20) . Y axis, 50 EC per condition were analyzed. Bars, SD. B, human EC were serum starved for 1 h and were either untreated (control) or treated with 100 nmol/L VEGF for 5, 15, 30, or 60 min with pretreatment with scramble siRNA (siRNA that does not target any known mRNA sequence), Src siRNA, or RPTPA siRNA. EC were then solubilized in immunoprecipitation buffer [50 mmol/L HEPES (pH 7.5), 150 mmol/L NaCl, 20 mmol/L MgCl 2 , 1% NP-40, 0.2 mmol/L phenylmethylsulfonyl fluoride, 1:250 dilution of Calbiochem protease inhibitor mixture 3] and immunoprecipitated with anti-p190 RhoGAP antibody. The resulting immunobeads were run on SDS-PAGE and immunoblotted with anti-phoshotyrosine (a -c) or anti-p190 RhoGAP (d-f ) antibody. Experiments were done in triplicate. Representative data are shown. C, human EC were either untreated (control) or treated with VEGF (100 nmol/L, 5 min) with or without pretreatment (1 h) with 100 nmol/L MNTX, 100 ng/mL bevacizumab, or 100 Amol/L 5-FU. EC lysates were obtained, a portion was kept for total RhoA immunoblotting, and the remaining lysate was incubated with Rho-binding domain -conjugated beads. Activated RhoA-bound beads (a) or cell lysates (b ) were run on SDS-PAGE and immunoblotted with anti-RhoA antibody as we have described previously (20, 21) . D, human EC were either untreated (control) or treated with VEGF (100 nmol/L, 5 min) with pretreatment of either scramble siRNA, Src siRNA, RPTPA siRNA, or p190 RhoGAP siRNA. EC lysates were obtained, a portion was kept for total RhoA immunoblotting, and the remaining lysate was incubated with Rho-binding domain -conjugated beads. Activated RhoA-bound beads (a) or cell lysates (b ) were run on SDS-PAGE and immunoblotted with anti-RhoA antibody as we have described previously (20, 21) .
single and multiple dosing and populations (40) . The concentrations of MNTX in our in vitro study were similar to those achieved in clinical trials of the drug. In methadone maintenance patients who received mean doses of 0.1 mg/kg MNTX i.v., the mean plasma levels of MNTX were 162 ng/mL. After repeated i.v. doses of MNTX in volunteers, levels of MNTX in plasma were maintained well above the range in which we observed a synergistic effect with bevacizumab and 5-FU on inhibition of VEGFinduced angiogenic events (41) . In a volunteer study of oral MNTX (up to 19.2 mg/kg), mean plasma concentrations of 165 ng/mL with a t 1/2 of 204 min were recorded (35) . Taken as a whole, the plasma concentrations of morphine and MNTX in patients after parenteral or oral administration are consistent with the levels that regulated synergistic inhibition of VEGF-induced angiogenesis and inhibited Src in our in vitro model (see Fig. 2 ). Importantly, we note that the effects of MNTX that occur beyond the VEGF receptor do not appear to be related to its A-opiate antagonism because naloxone and naltrexone in much higher concentrations do not exert this effect.
We focused our studies on bevacizumab and 5-FU based on their mechanism of action and their common usage. In principle, the synergy we observed could occur with other agents that have the same mechanism. Bevacizumab, a neutralizing antibody to VEGF, was the first U.S. Food and Drug Administration -approved biological therapy designed to inhibit the formation of new blood vessels to tumors. Recently, the Food and Drug Administration approved the use of bevacizumab in first-line treatment of metastatic colorectal cancer when the drug was added to standard chemotherapy (26, 27) . Further, a recent breast cancer clinical trial using 722 women who had recurrent or metastatic breast cancer that had not been treated previously with chemotherapy indicated that bevacizumab, in combination with paclitaxel, delayed the progression of disease by an average of f5 months (25) . In addition, patients in a recent lung cancer study receiving a regimen of chemotherapy (paclitaxel and carboplatin) and bevacizumab had a median overall survival of 12.5 months compared with the control group, receiving only paclitaxel and carboplatin, who survived an average of 10.2 months (2). The results of these clinical trials indicate the potential for improved survival rates with the addition of antiangiogeneic therapy. The concentrations we have used in this study are similar to what can be achieved clinically (2, 42) . However, there were significant side effects including venous thromboembolism, hypertension, proteinuria, and epistaxis (23) (24) (25) and the cost of drug has resulted in use limitation (5).
5-FU is one of the oldest chemotherapy drugs currently in use (44). 5-FU binds to thymidylate synthetase and thereby inhibits cancer cell proliferation (45) . Leucovorin enhances the binding of 5-FU to thymidylate synthetase and prolongs the lifespan of 5-FU in vivo (44) . In addition, 5-FU has been reported to inhibit Akt activation, proliferation, migration, and actin cytoskeletal reorganization of EC, which is consistent with our data (46 -48) . We are currently examining the exact mechanism(s) by which 5-FU inhibits VEGFinduced Akt activation and actin cytoskeletal dynamics. Although 5-FU has been used to treat numerous cancers, there are significant side effects including diarrhea, nausea, chest pain, and palmar-plantar erythrodysesthesia (28, 44) . The degree and severity of the side effects depend on many factors including the dosage of 5-FU (44) . Thus, a drug that could potentiate the cellular effects of 5-FU while reducing the dose could be of potential benefit. (2 ) and Src activation (tyrosine phosphorylation; 3 ), Src-mediated p190 RhoGAP inactivation (tyrosine phosphorylation; 4 ), and consequent RhoA activation (increased GTP-bound form of RhoA). Activated RhoA promotes actin cytoskeletal reorganization (5 ) required for VEGF-induced proliferation and migration (6), two key events required for angiogenesis (7 ) . Bevacizumab (8) inhibits the initial VEGF binding to VEGF receptors. MNTX (9 ) stimulation of RPTPA activity inhibits VEGF-induced Src activation, Src-mediated p190 RhoGAP inactivation, and consequent RhoA activation. 5-FU (10 ) inhibits VEGF-induced Akt activation (serine/threonine phosphorylation) and actin cytoskeletal reorganization. Therefore, the synergistic effects of MNTX with bevacizumab and 5-FU are achieved through inhibition of different components of a common VEGF-induced angiogenic signaling pathway. MNTX can have important clinical utility by potentially lowering the therapeutic doses of 5-FU and bevacizumab in the treatment of various diseases requiring angiogenesis including cancer.
It has been reported previously that inhibition of Src protects from EC barrier disruption and angiogenesis (8, 9) ; results are consistent with our data. Src regulates several potential angiogenic events including EC contraction and vascular permeability (9, 49) . We extended these findings by observing that Src regulates VEGF-induced Akt activation and actin cytoskeletal regulatory molecules important for EC proliferation and migration. Further, our data suggest that MNTX can inhibit VEGF-mediated Src activation. We therefore examined potential transmembrane proteins (that is, RPTPA) that can regulate Src activity based on the observations that MNTX, which is charged and cannot easily pass through the plasma membrane of cells, can inhibit Src that is localized to the cytosol and inner leaflet of the plasma membrane (7) .
We have observed that RPTPA plays an important role in inhibiting VEGF-induced angiogenic events. RPTPA is highly expressed in the vasculature where it is localized to EC junctions (17 -19) . Consistent with our results, researchers have shown that silencing RPTPA expression inhibits EC barrier function (19) , a prerequisite for angiogenesis. We have extended these findings to show that RPTPA can regulate VEGF-induced Src activation. We are currently examining the role of these signaling molecules in MNTX-mediated inhibition of angiogenesis. Further, we are exploring whether MNTX can directly bind to RPTPA or exert its effects on RPTPA activity indirectly.
Our results indicate that VEGF promotes Src-mediated phosphorylation of p190 RhoGAP. Tyrosine phosphorylation of p190 RhoGAP inactivates its GTPase activity resulting in increased active (GTP-bound) RhoA (13, 14) . The active form (GTP-bound) of RhoA can bind to and activate several important downstream signaling molecules including the serine/threonine kinases ROCK, PKN1, PAK-2, and CRIK (50) . The role of these kinases in opiate-induced angiogenesis is currently under investigation in our laboratory.
Although there are obvious caveats to extending our results to practice, our observations that MNTX acts synergistically with bevacizumab and 5-FU on inhibition of VEGF-induced angiogenic events are intriguing and could have clinical implications. First, because we have shown previously that morphine and other opiates at therapeutic doses enhanced EC migration and proliferation (6), MNTX treatment may have an additional benefit for patients taking regular doses of opiates for tumor-associated pain. In addition, MNTX could attenuate the effects of endogenous opioids that are released in stress or pain. An effect of these endogenous opioids on tumor growth has been postulated. Finally, the synergy of MNTX with antiangiogenic therapies indicates that MNTX could facilitate dose reduction of these agents. Therefore, further studies are warranted.
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